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The Surgery and Traction of Elderly Buildings by Peter Taylor BSC cEng MICE (Southampton) This unusual title for a paper in a medical journal is the result of conversations with Mr Martin Brett concerning my activities on the spire of Salisbury Cathedral.
The practice of consulting engineers with which I am associated is concerned with a wide range of civil and structural engineering such as bridges, factories and hospitals. Our interest in the ailments of old buildings started several years ago almost as a hobby but has subsequently become of increasing importance.
One of the definitions of 'orthopedic' in the Oxford dictionary is 'the curing of deformity', which covers much of the work we have been doing on these buildings. Since much of this work also includes the making of incisions in stone, brick or timber fabric, the term 'surgery' can possibly also be applied.
Buildings, like human beings, grow old and suffer deformities which if permitted to persist and increase may cause the eventual collapse and death of the structure. Often the deformation is the result of ignorance of structural behaviour by the builder. Thus, the misconception that the circular form of arch or vault produced a vertical reaction without side thrusts is often found to be the cause of outward tilting of walls. Even when the lateral thrust was realized, the full appreciation of its effect may have grown only after the building was completed. Buttresses which were then added, perhaps in some haste, often hung from the structure they were designed to support, and thus accelerated outward movement.
Ancient walls are often found to consist of thin skins of masonry with a core of lime rubble. In time the lime softens and little strength remains in the walls which may, however, appear deceptively sound. These structures may no longer be capable of supporting the loads imposed upon them and begin to tilt and split.
Timber roofs may also suffer from design weakness and often stand only through sound workmanship, the massive sections from which they were made, or the mass of the walls against which they thrust. Where the supporting walls have tilted, the ridge of the roof will have sunk and usually many of the joint fastenings have sheared.
Ignorance of structural theory should not be decried in the ancient builder. Only admiration can be felt for the intuitive and ingenious devices often employed to overcome the lack of precise understanding. It has always been our aim to restore, wherever possible, a structure to the appearance intended by the original builder using modern techniques and knowledge which were denied him. tenoned and pinned by oak dowels had opened, and the dowels sheared during the course of time (Fig 2) . The thrust which resulted from relaxation of the joints produced a serious tilt in the wails.
Buttresse had been added to contain the movement ( Fig 1) and, more reently, horizotal ties of various forms placed across the buildin& The interior was such that a very fine roof strutur was obscured by a haphazard systen of ties and posts (Fig 3) . The problem was to develop an unobtrusive mans of resiing the horizontal thrust of the truss and at the same time to ensure that no further openmg of thejoints should occur.
The method adopted.provided two j inch (1.21 cm) diameter high tensile stranded cables (Fig 4) ,one on each side of the arch (Fig 5) . Each tendon, Fig or cable, is anchored by means of wedged grips near the lower end of the main rafters ( Fig 6) . The pair of cables is connected through a specially designed saddle to a single vertical cable which passes through the collars of the truss, accurately drilled, to an anchor at the apex (Fig 7) . When tensioned by means of hydraulic jacks at each of the anchor points the cables produce a compressive force in each of the truss members and thus prevent further opening of joints. By repaired and filled with an epoxy resin sand mortar before stressing the cables. The load in the two lower cables is 8 tons, which is balanced by 6 tons in the vertical cable. Such loads are well within the capability of the cables and were restricted in order to limit any extensions produced when the roof carries its full load of snow. A total inward horizontal movement of 3/4 inch (1 9 cm) was measured during the stressing operation throughout which a careful visual and aural inspection was maintained. The restored building is now an interesting maritime museum (Fig 8) . St Peter Mancroft, Norwich This is a fine example of the fifteenth century 'wool' churches of East Anglia, with a typical long high nave (Fig 9) . A very light clerestory supports a timber hammer beam roof. Horizontal thrusts found little resistance and an outward lean of nearly 6 inches (15 cm) had developed at the top of the clerestory walls, producing a very real risk of collapse.
The treatment prescribed is shown diagrammatically in Fig 10. It was decided to stiffen the roof trusses with strong-backs of Afzelia, a teak-like timber, bedded in epoxy resin sand mortar and bolted to the main rafter members. Galvanized steel splice-plates provide the required rigidity at the apex. This strengthened truss would be able to span as a simple beam and to provide some stability to the straightened clerestory walls.
To support the roof a free standing 'bird cage' scaffold was erected on the floor of the nave. Using jacks from the scaffold the roof was lifted Fig free of the walls and by suitable adjustment of the lifting points it was articulated back to its original shape. While free of the roof load, traction by means of horizontal straining cables with turnbuckles was used to bring the clerestory walls towards the vertical. Temporary hinges, controlled by jacks, were introduced at the base of the clerestory walls to allow rotation of the walls to occur more easily. It was found practicable to bring the walls in by about 3 inches (7 5 cm) on each side, which halved the original outward lean. A reinforced concrete beam was formed in the top of the clerestory walls to provide a rigid bearing for the roof which, with its shape corrected, was lowered into position.
Salisbury Cathedral
In this case it was necessary to provide a restraining collar at the junction of the tower and spire. The lateral forces produced by the conical form of the spire were, at this junction, originally resisted by an iron bar which followed the octagonal plane form of the spire. In his report on the state of the cathedral in 1668 Wren describes the bar as a 'bandage' and added further 'bandages' around the tower at a slightly lower level. Although partially protected by lead casings the iron had become severely corroded and the original octagonal bar had broken. Repairs had been crude and had not prevented further corrosion. 
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Plan for remedial work to DIA PH RA G 4 the base ofthe spire
The plan of treatment (Fig 11) , recently completed, was as follows: a stainless steel bar incorporating turnbuckles was inserted around the base of the spire; this was set in an epoxy resin sand mortar bed against the stone. When in place the bar was tensioned by the turnbuckles to accept the horizontal thrusts at the base of the spire. It was then possible to remove the corroded iron 'bandage'. Within the gutter around the top of the tower a reinforced concrete beam was formed. This served the dual purpose of providing rigidity to the tower walls and of holding the pinnacles at each corner. The Wren 'bandage' was then removed together with all the corroded iron which was liable to produce cracking and spalling of the stone work. This removal operation called for great 'surgical' skill from the stone masons.
Wells Cathedral
In many of our cases, as above, epoxy resin and sand mortar has been used as a bedding or packing. In Wells Cathedral, however, this mortar was used as a glue to secure the separate shafts of a column to the core. By this means the slendemess ratio of the column was reduced and gteater stability achieved. Fig 12 shows the temporary 'operating theatre' with a 'theatre technician' mixing the resin. The 'surgeon' is seen injecting the special mortar with a polythene syringe into the temporary formwork between shaft and core (Fig 13) . The operation was very successful, and when machined the match between the epoxy resin fillet and the Purbeck marble of the column was remarkable. Unfortunately it has not been possible to describe all our cases; the Bodleian Library, All Souls Colkg and Chichester Cathedral are but a few; each is unique in the problem involved, and to each a unique solution must be brought. We have found an immense interest in all we have done, although sometimes, it must be admitted, with 'heart in mouth'. We have incised ancient fabric and in touching the history exposed have gained no small regd for the early builders. For they worked without the aid of computers, and
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The following papers were also read: 
